Abstract-To address the lack of knowledge of local solar variability, we have developed, deployed, and demonstrated the value of data collected from a low-cost solar variability sensor.
a validation of an alpha prototype, and show how the variability sensor collected data can be used for grid integration studies.
The variability sensor will enable a greater understanding of local solar variability, which will reduce developer and utility uncertainty about the impact of solar photovoItaic installations and thus will encourage greater penetrations of solar energy.
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I. INTRODUCTION
When 100s of GW of solar are deployed into the electric grid and solar power penetrations reach 100% of peak load, it will be critical to understand the solar variability to maintain safe and reliable grid operations. Solar variability depends heavily on the local climate [1] . The current lack of knowledge of location-specific solar variably has led to utility uncertainty about the operating impact of solar power, and, in some cases, has led to limits on solar photovoltaics (PV) installations or aggressive control requirements that discourage PV installations.
At the distribution level, solar variability causes voltage fluctuations which can cause flicker, increase voltage regulator tap change operations (leading to increased maintenance costs and potentially early failure), or cause the voltage to exceed allowable limits. Partly due to these concerns, the Hawaiian Electric Company (HECO) has limited residential PV installations on many distribution feeders [2] .
At transmission levels, solar variability can cause an imbalance in load and generation leading to frequency fluctuations. Because of such concerns, the Puerto Rico Electric Power Authority (PREPA) instituted strict limits on solar plant ramp rates which require solar plants larger than 5MW to limit changes in their output to a rate of less than 10% of capacity per minute [3] . Since the solar variability in Puerto Rico is not well understood, this requirement has led to significant uncertainty among solar developers who do not know how much storage will be required to comply. This uncertainty makes it difficult for projects to obtain funding, and therefore reduces the number of solar installations.
978-1-4799-7944-8/15/$31.00 ©2015 IEEE To address the lack of knowledge of local solar variability, this work describes the development and deployment of a low cost solar variability sensor, and shows the value of data for distribution grid studies. We are targeting a cost of <$100 per variability sensor to enable ubiquitous deployment, though any reduction in cost over current pyranometers (I) will encourage increased measurements of solar variability.
II. MOT IVATION FOR A LOW-COST VARIABILITY SENSOR
Currently, solar irradiance is monitored using commercial pyranometers. These are expensive, starting at many hundreds of dollars per installation (Table I) , and are difficult to install because a data loggers and network adapters must be combined with the pyranometers to record and transmit the data. The high cost and complicated setup has been a barrier to large-scale deployment, and so solar variability is not well resolved geographically. High-frequency solar variability has been quantified at specific locations (e.g., Oahu in [4] ) or as an aggregate (e.g., Germany and Belgium in [5] , northern Oaklahoma and southern Kansas in [6] , and San Diego in [7] ), but comparisons of high-frequency variability between different locations are scarce. Variability at 10 locations in the United States were compared in [1] , though significant areas (such as the eastern United States) remain unresolved due to a lack of available data.
Pyranometers are designed to measure solar irradiance. Since they are often deployed as part of PV plant performance monitoring (e.g., for energy guarantees or warranty monitoring), they are designed to be accurate. However, because solar variability is the change in solar irradiance over a short period of time, it is most important that a solar variability sensor be precise. Much of the cost of pyranometers is due to their required accuracy. Low-cost sensors to have similar precision over short timescales as pyranometers, even if they are not as accurate.
A specially-designed variability sensor that is inexpensive, is simple to install and network, and requires no maintenance will encourage ubiquitous deployment. This will enable a greater geographic resolution of solar variability, which will reduce developer and utility uncertainty about solar projects and thus encourage greater penetrations of solar energy.
III. VARIABILITY SENSOR DESIGN

A. Sensor Requirements
Using experience with variability analysis, and through consultation with published resources on sensor design, reliability, data collection, and cost, we established baseline hardware, operational, and data reporting requirements for the variability sensor. Hardware requirements include irradiance sensitivity between 0-1400 W m-2 , response time sufficient for I-second measurements, spectral sensitivity in a similar range as silicon PV modules, a wide thermal operating range and weatherized casing, a GPS receiver for location and time synchronization, and battery power. The operational requirements of performing measurements only during daytime and storing data for up to 30 days in case of lost communications, and battery life of approximately 1-year ensure that operation will be simple and no data will be lost. Data reporting requirements such as wifi and/or cell modem connectivity and ability to report data at least once a day ensure the data is easy to receive and can be analyzed in a timely manner.
B. Tested Components
Based on the hardware requirements, the ability of five different initial designs to match irradiance and variability measurements was tested. Table II shows the details of each test sensor. Two PV cell designs (PVOI and PV02) and three photodiode designs (PDOl, PD02, and PD03) were tested, since both PV cells and photodiodes have the desired fast response times and similar spectral response as PV modules. The cost of each PV cell or photodiode was less than $15, leaving significant budget room for additional required components (computer board to record data, GPS, sensor casing, etc).
The difference between designs PVOI and PV02 was the location of the glass window: in PVOI the window was under the sensor casing, while in PV02 the window was outside the casing. This difference may impact both internal reflections and water pooling on top of the sensor. Photodiode designs varied in their diffuser material and in the distance from the photodiode to the diffuser. A clear diffuser material which may impact shading in the device was tested in PD02 and a shorter photodiode to diffuser distance which may impact internal reflections was tested in PD03.
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C. Comparison of Test Sensors to LlCOR Pyranometer
To evaluate the test sensors, each of the five test sensors plus a LICOR LI-200SL were deployed in Austin, Texas. Figure 1 shows the test setup. Evaluation of each test sensor against the reference LICOR allows for down-selection of cost effective and well-performing designs which have reasonable cosine response, no issues from internal reflections, and, most importantly, match irradiance ramp rate distributions. Figure 2 shows a histogram of differences in measured irradiance between the test device and the LICOR over 7 hours on a highly variable day (13:00 -20:00 on April 6th, 2015 in Austing, TX). Positive values in the histogram indicate that the test device measured more irradiance than the LICOR, and negative values indicate the test device measured less irradiance. Both the PVO 1 and PV02 devices have distributions that are centered close to zero. The PVO 1 device has a bimodal distribution a peak around 0 W m-2 caused by measurements within I-hour of solar noon and another peak around lO W m-2 cauesd by measurements later in the day. The PV02 device does not show this behavior and has a single peak around 0 W m-2 . The PDOI and PD03 devices have almost exclusively negative errors, perhaps explained by different diffuser materials between the PDOI and PD03 devices and the LICOR. The PD02 device shows significant differences (there is a large peak at the negative boundary of the histogram) which were caused by the diffuser casing shading the photodiode at low sun angles: the clear FEP diffuser material was not strong enough to eliminate this shading.
While matching irradiance measurement is important (e.g., PD02 is eliminated from consideration due to its poor performance at low sun angles), the goal is to accurately measure solar variability. Thus, comparisons of the measured irradiance ramp rates are also very important. Figure 3 compares distributions of irradiance ramps measured by the LICOR to the irradiance ramps measured by the test devices. Overall, all five devices measured ramp rate distributions that are similar to the LICOR; it is difficult to discern differences in Visual inspection of Figure 3 . To quantify the differences in the ramp rate distributions, we computed the mean absolute difference (MAD) between the test device ramp distributions and the LICOR ramp distributions. The MAD is largest for the PD02 device, as expected based on the large differences seen in the irradiance measurements. The PV cell devices both had slightly smaller MAD values than the photodiode devices, though all differences are modest compared to expected differences in variability by day or by location.
Based on the irradiance and ramp distribution comparisons, 
� Figure 2. Histogram of differences in irradiance measurements between the test sensors and the LICOR over 7 hours on a highly variable day.
'" the PV02 device shows the most promise, and is selected as the main device for further testing. Additional benefits to the PV02 design include the outside glass window to prevent water pooling on the sensor and the potential to charge the device based on power generated from the PV cell.
IV. ALPHA PROTOT YPE
An "alpha" solar variability sensor was built and deployed based on test device PV02. The alpha device does not have wireless communication or battery power (these will be incorporated later into the beta device), but allows for validation of irradiance and variability measurements and initial operating experience with the device and the data.
A. Validation over 1-month
Testing of the alpha device was conducted at Sandia National Laboratories' Photovoltaic Systems Evaluation Laboratory (PSEL) in Albuquerque, NM. Figure 4 shows the alpha prototype installed on a test rack at PSEL. PSEL has a Kipp & Zonen CMP 11 secondary standard pyranometer which is used for validation. Since the CMP 11 is a thermopile with a slower response time than the PV cell, and since data is only collected once every 3 seconds from the CMP 11, all comparisons (irradiance and variability) are done at 30-second timescales. This is still short enough to be relevant to distribution grid applications ( [7] ). The alpha prototype was installed for the entire month of May 2015. Figure 5 shows a calendar plot of the irradiance on each day in May as measured by the CMP 11 and by the alpha variability sensor. The month was highly variable, with only a few clear days, and so is a valuable test month for the variability sensor. Visual inspection of the calendar plot shows good agreement between the variability sensor and the CMP 11. A possible exception to this is May 6th, which is discussed in detail in Section IV-B. Figure 6 shows the ramp rate distributions calculated from the CMP 11 and variability sensor over the month of May. The agreement is very good between the two sensors, with an MAD of only 0.05%. Also included in Figure 6 is the variability score from the ramp rate distribution, the V S RRdist, which is described in [IJ. This 30-second VSRRdist was only 1 point different between the CMP 11 and the variability sensor, which is very small compared to the range of values found at different locations (16 to 160) in [1] . 
B. May 6, 2015
Careful inspection of Figure 5 reveals a larger than normal discrepancy between the CMP 11 and the alpha variability sensor on May 6th. The black alpha sensor casing was not weatherized to speed deployment (the beta device will be weatherized), and significant rainfall on May 4th and 5th led to condensation build up on the glass window, as seen in the bottom left plot in Figure 7 . The remaining plots in Figure 7 show the CMP 11 and variability sensor GHI, the correlation of these values, and the ramp rate distributions derived from each sensor. Even though the condensation on the variability sensor led to reduced GHI measurements compared to the CMP 11, the GHI measurements between both devices remain highly correlated. The condensation causes a nearly linear reduction in the variability sensor measured GHI. Comparison of the ramp distributions between the two sensors shows that the condensation has a small effect on variability measurements. The MAD is 0.43%. While the beta variability sensor will be weatherized and should not suffer from such condensation issues, the small impact of such issues on variability measurements suggests that, e.g., soiling, should not lead to significant errors in variability sensor measurements.
V. BETA PROTOT YPE
The beta prototype is currently in development and will include all of the features listed in Section III. The deployment and validation of the alpha sensor was successful and suggests that component choices (PV cell, outside window, etc) are appropriate and so will continue to be used in the beta prototype. Special attention is being given to lessons learned from the alpha deployment, including ensuring that condensation does not form in the sensor casing.
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VI. USE FOR GRID INTEGRATION STUDIES
To show the value of the variability sensor measured data and make it easier to incorporate into distribution grid studies, we have developed a graphical user interface (GUI) using the GridPV toolbox in the MATLAB data analysis program. The GUI allows the user to easily load in the variability sensor data and a distribution feeder (or use a default feeder) to run a distribution feeder simulation with PV The PV power is determined based on the variability sensor measured irradiance (from either the alpha prototype or the upcoming beta prototype) and a user input tilt and azimuth angle of the PV The GUI then presents simulation results including power through each voltage regulator, the regulator tap position, the cumulative number of tap changes, and the minimum and maximum feeder voltage.
A screenshot of the GUI including results, is shown for a clear day (May 8th) in Figure 8 and for a cloudy day (May 5th) in Figure 9 . The same feeder load profile was used on both day for direct comparison between the clear and cloudy PV inputs. On the clear day, the PV on the feeder causes a significant change to the power through the voltage regulator, but actually decreases the total number of tap changes due to the negative correlation of PV production and load in the morning ( 07:00 through 12:00): there were 19 tap changes in the base case without PV but only 16 tap changes with PV On the cloudy day, the PV variability increases the number of tap change operations to 84, substantially more than the base case.
The significant difference in tap change operations on the clear versus the cloudy day shows the importance of accurately representing the local solar variability when running distribution grid integration studies. P\!VohVO Figure 9 . GUI for a cloudy day.
VII. CONCLUSION
We are developing a low-cost solar variability sensor to encourage ubiquitous solar variability measurements for 978-1-4799-7944-8/15/$31.00 ©2015 IEEE a more accurate understanding of the impact of solar photovoltaics (PV) on the electric grid. While existing high cost pyranometers are designed for high accuracy to ensure appropriate energy estimates, low-cost solar variability sensors can have similar precision and hence ability to measure solar variability as high-cost pyranometers. Through field validation, an alpha solar variability sensor prototype was found to very closely match the solar variability measured with a secondary standard pyranometers. An upcoming beta prototype will enhance the variability sensor features (battery power, wireless communications, etc.) while maintaining or improving the quality of variability measurements. A graphical user interface (GUI) to be coupled with the variability sensor allows a user to quickly and easily use variability sensor measurements to run distribution grid simulations. Overall, the variability sensor will reduce uncertainty about the impact of solar photovoltaic to the electric grid and so will encourage greater penetrations of solar PV
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